The solubility of Co III 5, 10, 15, porphyrin and axial complex with methylimidazole in the mixtures of triethyleneglycol-water and tetraethyleneglycol-water was measured in the whole range of polyethyleneglycols (PEG) fractions at 298.2 K using the isothermal saturation method. The composition of the mixture at which the maximal solubility was observed has been revealed. The cosolvent force of PEGs was quantified according to the linear logarithmic model proposed by Yalkowsky applied in the ranges (cosolvent volume fraction, f): 0 ≤ f PEG ≤ 0.24 in triethyleneglycol-water and 0 ≤ f PEG ≤ 0.3 in tetraethyleneglycol-water mixtures. A mathematical approach based on the tenets of the molecular association theory and a simple lattice model (ASL = association solution + lattice) was used to estimate the solubility values of the investigated porphyrins in water-PEG solutions. The ASL model appeared to present a simple means of estimating the solubility of Co III 5,10,15,20-tetra(4-carboxyphenyl)porphyrin and axial complex with methylimidazole in polyethyleneglycol-water mixtures using a single variable parameter.
Introduction
Metalloporphyrins are long used as promising agents for photodynamic therapy of cancer. 1 Metalloporphyrins based extracoordinated compounds are useful for the creation of new materials and substrates for the targeted delivery to cellular systems applied in medicine.
2 Numerous information concerning the extracoordination equilibrium processes including such ones in which nitrogen-containing ligands participate have been accumulated by now. [3] [4] [5] At that, it have been noted that σ-donor and π-acceptor ligands of a similar electronic nature are superposed in the metalloporphyrin internal coordination sphere to the best advantage. 6 N-Methylimidazole (MeIm) is an aromatic heterocyclic organic compound with two nitrogen atoms in the structure. Due to its electron-unsaturated nature MeIm reveals sufficiently high reactivity which allows using it as a primary product for pharmaceutical preparations. The inclusion of the methylimidazole fragment in the structure of an organic compound is an important guideline to designing the effective drugs. 7 Both in organic and aqueous media MeIm forms sufficiently stable axial complexes with different cobalt porphyrins by means of donor-acceptor interaction between the coordinatively unsaturated cobalt cation and electron-donating nitrogen atom of the methylimidazole molecule. 4, 8 Solubility is a key parameter determining the bioavailability of the pharmaceutical substances. The solubility growth in the presence of the cosolvent might actually reduce the amount of the drug delivered and, thus, lack any undesirable effects of the cosolvent. At that, by disrupting water's self-association, the cosolvents reduce water's ability to squeeze out nonpolar, hydrophobic compounds, thus increasing solubility. 9 The solubility of the porphyrin metallocomplexes is determined by many factors, among which the porphyrin molecular structure and physicochemical and structural characteristics of the solvent are of a great importance. 10 The role of the latter factor appears to be of particular importance when the research is carried out in mixed solvents in order to increase the solubility. Fedulova et al. 11 showed that the porphyrins with polar groups are effectively incorporated into the micelles with the opposite charge at the expense of electrostatic interactions with the detergent molecules. Miyako et al. 12 have shown that adding an organic cosolvent to water makes the solvating environments less polar, resulting in a more favorable mixing (solvation) of a hydrophobic solute in the liquid phase. Consequently, one of the parameters influencing the solubility is the cosolvent polarity, which can change the polarity of the hydrophobic solute and, as a result, the solubility. 13 As Vinodu and Padmanabhan 14 indicated, polyethyleneglycol (PEG) is a linear and flexible polymer with dipolar character. The geometry of the ether oxygen atoms arrangement plays an important role in the water-ethyleneglycol hydrogen bonds formation. 15 Namely, a special chain conformation is realized in aqueous PEG solution. [16] [17] [18] At that, in the solution PEGs were shown to disperse homogeneously the ionic metalloporphyrins and thus facilitate the solubility increase. Numerous information dealing with the solubility of drug compounds 9, [19] [20] [21] [22] [23] as well as metalloporphyrins 24, 25 in mixed solvents have been accumulated by now. However, we found no papers devoted to the experimental and theoretical study of the solubility of metalloporphyrins and their axial complexes in aqueous polyethyleneglycol solutions.
This study is a continuation of our investigations on the porphyrin solubility in mixed solvents by the experimental and calculation methods. 26 The objective of this study is to measure the solubility of 5,10,15,20-tetra(4-carboxyphenyl)porphyrinate Co III and axial complex with N-methylimidazole in the mixtures of triethyleneglycol-water and tetraethyleneglycol-water in the whole range of compositions of the mixed solvent; to calculate the solubility of the investigated compounds by means of a simple ASL (associated solution + lattice) model and to assess the predictability of the applied model. Figure S1 in the Supplementary Information section). Figure S1 indicates that at lower methylimidazole concentrations (0-2.2 × 10 -6 mol L -1 ) the formation of the axial complex with one methylimidazole molecule occurs, next, in the concentration interval (2.2 × 10 ) the axial complex with two methylimidazole molecules is formed.
Experimental

Buffer preparation
The buffer solution pH 7.4 was prepared by mixing the solutions of the appropriate concentrations of sodium and potassium salts of phosphoric acid (Na 2 HPO 4 •12H 2 O and KH 2 PO 4 ), as described elsewhere. 28 All chemicals were of analytical grade. The pH values were measured by using Electroanalytical Analyser, Type OP-300, Radelkis (Hungary) standardized with pH 1.68, 6.86 and 9.22 solutions.
Solubility determinations
All the experiments were carried out by the isothermal saturation method at 298.2 ± 0.1 K. The binary solvent mixtures were prepared by mixing the appropriate volume of the solvents with the uncertainty of 0.5-1.5%. The solubility was determined by equilibrating an excess amount of porphyrin in the binary solvent mixtures in glass ampoules placed into an air thermostat with a temperaturecontrol system with the uncertainty of ± 0.1 ºC supplied by a stirring device. The point of the solution thermodynamic equilibrium was determined from the solubility kinetic dependences and averaged 48 hours. After the saturation was achieved, the saturated mixtures were centrifuged at 13000 rpm for 20 min in a centrifuge Biofuge stratus (Germany) under the temperature control. The saturated solutions were diluted to obtain optical densities in the range from 0.15 to 0.9, and then assayed at the appropriate wavelength (Soret band) using spectrophotometer Cary-50 (USA). Concentrations of the diluted solutions were determined from the calibration curves. Each experimental datum is an average of at least three experimental measurements, and the mean relative standard deviation of three repetitive experiments is 2-4%.
Theory and calculations
ASL calculations
The calculation of the solubility of a poorly soluble substance S requires the determination of the activity coefficient at infinite dilution g S ∞ .
According to the ASL model the logarithm of the activity coefficient of a substance S in infinitely diluted solution ln g S ∞ is a sum of three contributions: where ω ij is the interchange energy, is the surface fraction of the i th component in solution. In order to calculate the solubility x S in ASL model it is reasonable to consider Δ θ ln (x S ) value defined as equation 4:
Equation 4 is a deviation from additivity, ln (x S ), ln (x S,A ), and ln (x S,B ) are the respective values of ln (x S ) in pure solvents A and B. Using the surface fractions for the expression of the deviation from additivity allows us to leave out of account not only the constants connected with the choice of the standard conditions but also the solute-solvent interchange energies ω AS and ω BS . 29 The resultant equation to calculating the solubility x S of a poorly soluble substance S in a binary solvent A + B is the equation 5.
and residual ones) can be calculated using equations 1-3.
Results and Discussion
The structures of the investigated Co III 5,10,15,20-tetra(4-carboxyphenyl)porphyrin (1), axial complex with methylimidazole (2) and polyethyleneglycols are summarized in Figure 1 .
Experimental solubility
A series of the solubility experiments for 5,10,15,20-tetra(4-carboxyphenyl)porphyrin Co III (1) and axial complex with methylimidazole (2) in the whole range of the compositions of the mixed solvent: aqueous phosphate buffer pH 7.4, 3-PEG/4-PEG were performed at Table S1 .
As it follows from the data in Table S1 , the coordination of the methylimidazole molecule facilitates the aqueous solubility. As Gamboa et al. 30 clearly demonstrated for Co III 5,10,15,20-tetraphenylporphine, an evident feature in the porphyrin crystalline phase is a successive layer arrangement, which follows a macrocycle surface which is completely planar. The substitution of the water molecule coordinated at the central Co-cation by the axial ligand promotes more friable packing, possibly changing the planarity 31 and, as a consequence, can decrease the energy required for the dissolution of the porphyrins. Moreover, being a polar ionizable substance N-methylimidazole forms a stable axial complex thus increasing the polarizability of the conjugated π-system of the porphyrin fragment promoting dipole-dipole and disperse interactions with the solvent.
According to the aqueous solubility the studied porphyrins 1 and 2 can be classified as very slightly soluble substances (United States Pharmacopeia, USP 23). 32 Therefore techniques aimed to improving the solubility of the investigated objects are of particular interest. The experimental data show the porphyrins to be barely soluble in pure water and in either n-ethylene glycol, but the solubility reaches a maximum for a certain proportion between both solvents (Figure 2 ).
The maximal solubilities at cosolvent volume fraction, f, for f 3-PEG = 0.375 and f 4-PEG = 0.491 are observed (Figure 2 ). It should be noted, that the investigated porphyrins 1 and 2 with four carboxyl groups at pH 7.4 have the "peripheral charge" to be equal zero (uncharged state). 33, 34 Due to this fact the dissociation of the carboxyl groups at pH 7.4 is not observed, only hydrogen bonding but not ion-dipole interactions can occur. At that, in the mixed solvent the heterosolvation can takes place due to the amphiprotic nature of the PEG molecule and the presence of large hydrophobic part in the porphyrin molecule and small hydrophilic carboxyl-groups. 35 Moreover, different polyethyleneglycol additions to aqueous solutions can cause the stabilization of the water structure, 36,37 the universal solvation by means of dipole-dipole and disperse interactions between alkyl H-atoms of the alcohol-group of the PEG and the π-electrons of the conjugated porphyrin system 38 as well as the destruction of a quasi-crystalline water structure. 39 The prevalence of one or several of the above factors determines the solubility of the investigated porphyrins 1 and 2 at different water-polyethyleneglycol proportions in the mixed solvent.
Log-linear cosolvency model
The addition of the cosolvent is manifested in a higher solubility of non-polar compounds in cosolvent-water mixture. 40 , 41 Yalkowsky 18 proposed that the cosolvency phenomenon involves the treatment of the empiricanalytical log-linear model. The equation allowed to correlate and to explain the cosolvent effect on the solubility of the compounds that are slightly soluble in aqueous media is the equation 6: 18 log S mix = log S w + σf c (6) where S mix and S w are the total solute solubilities in the cosolvent-water mixture and in water, respectively, σ is the cosolvent solubilization power for the particular cosolventsolute system, and f c is the volume fraction of the cosolvent in the aqueous mixture. The individual sigma (σ) terms can be derived from the slope of the log (S mix /S w ) vs. cosolvent volume fraction (f c ) profile by regression analysis. Using the solubilities of the investigated porphyrins in water-PEG mixture we have drawn log-linear solubilization plots presented in Figure 3 for all porphyrin-water-PEG systems up to f PEG = 0.3. Figure 3 shows the segments of the solubility profiles for porphyrins 1 and 2, which are log-linear and follow equation 6 . At that, a distinct downward curvature is noticed in the profiles in the range of larger 4.1363 ± 0.1874/4.5880 ± 0.1103 for porphyrins 1 and 2, respectively. As the slope values means an excellent cosolvent force of both 3-PEG and 4-PEG, it can be concluded that Yalkowsky's theory can be applied for the considered systems in the stated ranges of f PEG since the solubility increases significantly. Namely, the solubility of porphyrins 1/2 for f 3-PEG = 0.24 is 49.6/26.9 times higher than in water, whereas for f 4-PEG = 0.24 the solubility growth is appeared to be 10.7/13.6 times higher than in water, respectively. The results clearly indicate that 3-PEG is a more powerful solubilizer than 4-PEG for the porphyrins studied.
It is interesting to consider the desolubilization effect observed in the investigated mixed solvents at large volume fractions of the cosolvent. At that, the log linear functions with good correlations (r 2 ≥ 0.9979) are observed for porphyrins: 1 in the range 0.5 ≤ f 3-PEG ≤ 0.9 and 2 0.7 ≤ f 4-PEG ≤ 0.9 ( Figure S2 in the Supplementary Information section). The negative slopes are resulted in −1.6914 ± 0.0633/−6.9183 ± 0.0780 for porphyrins 1 and 2 in water-3-PEG/4-PEG, respectively. It is interesting to note that for the porphyrins studied the desolubilization force of 3-PEG is lower than that of 4-PEG as opposed to solubilization one. The change in polarity of the solvent brought about by cosolvent may contribute whether and to what extent a solute is solubilized or desolubilized. 9 Hydrogen bond donor densities In order to understand the possible reasons of the obtained results we calculated a parameter that reflects the ability of cosolvent (PEG) to donate a proton in a hydrogen bond, hydrogen bond densities (HBD) for the neat PEGs from the density of the PEG and the number of proton donor groups on the molecule. HBD are considered as the polarity indexes, show good correlation with solubilization power of the cosolvent and can be determined by the following equation 7. 13 (No. of proton donor groups) × (density of cosolvent) × 1000/molecular weight of cosolvent (7) The density of the PEG and the number of proton donor groups on the molecule have been calculated using Advanced Chemistry Development (ACD/Labs) Software V11.02 (© 1994-2015 ACD/Labs). As expected, 3-PEG (HBD = 14.77) exhibited better solubilization power in comparison with 4-PEG (HBD = 12.73). But it should be noted that this regularity is observed only in the ranges of 0 ≤ f 3-PEG ≤ 0.24 and 0 ≤ f 4-PEG ≤ 0.3.
Excess properties correlations
Solutions with quite different properties are obtained when different amounts of the cosolvent are added to water. The effect of the medium on equilibria of chemical phenomenon is an important subject and one of great scope and difficulty. 19 Sometimes a solute shows a condition of maximum solubility that appears when the mentioned parameter is similar to that of the solvent medium. 42, 43 The information on such properties as excess volumes can be useful in the development and testing of correlations with the macroscopic properties, leading to better understanding the intermolecular interactions and the association processes in the solution. 44 In the present work we analyzed the dependence of the excess solubility values of porphyrins 1 and 2 (log (S mix /S calc )) on the excess volumes (V E ) of the mixed solvent ( Figure S3 in the Supplementary Information section). Excess volumes of the mixtures water-tri-/tetraethyleneglycol were collected from the literature 39 and the excess solubilities were calculated in this study by the following equation 8. Figure S3 ), means the nonideality of the system. The excess volumes are negative and the curves tend to be somewhat skewed, indicating an increase in the order of the systems partially due to the formation of hydrogen bonds or structured liquids. The maximums of the excess volumes for the systems water-3-PEG/4-PEG are revealed at f PEG = 0.6. The points of maximal log (S mix /S calc ) and V E at f 4-PEG = 0.6 is observed for porphyrins 1-2. In the system water-3-PEG the maximum of the excess solubility of both porphyrins is shifted concerning the maximum of the excess volume and appear to be at f 3-PEG = 0.5. Similarities in the shapes of the log(S mix /S calc ) vs. f plots for both porphyrins suggested PEG-water interactions as the primary reason for their deviations. At that in water-4-PEG solutions the deviation of the solubility of both porphyrins from ideality correlates better with the volume properties of the mixed solvent in comparison with water-3-PEG system.
As the design of cosolvent formulations is a slow and costly process the predictive models for cosolvent solubilization are of a great importance. In this study we use a simple ASL (associated solution + lattice) model to calculate the solubility of porphyrins 1 and 2 in the mixed solvents 3-PEG-water and 4-PEG-water in the whole range of PEG fractions. The chemical contribution was calculated using equation 1 assuming that the affinity to hydrogen bonds formation of the neat water and neat PEG molecules as well as in their mixture is so high that for a middle association degree χ it can be assumed that χ → ∞ and, correspondingly, 1/χ → 0. Really, the results of molecular dynamics modeling show the size of the cluster formed by the water molecules by means of H-bonds to coincide practically with the size of the modeling cell. 45 Due to the fact that PEG molecules as well as water molecules contain a sufficient quantity of active centers to form H-bonds O-H•••O a condition 1/χ → 0 is met in PEG-water mixture. The geometrical parameters r and q for the molecules of the components of PEG-water mixture were calculated traditionally using Bondi tables 46 excluding the volume parameters of PEG molecules (r PEG ). The r PEG values were slightly adjusted in the manner to coincide the volume fraction of the components φ PEG = r PEG x PEG /(r H 2 O x H 2 O + r PEG x PEG ) of the water-PEG mixture with the analytical volume fraction of the prepared samples. The geometrical parameters r and q for the molecules of the components of PEG-water mixture are collected in Table S2 (in the Supplementary Information section). The interchange energy was estimated considering the best agreement with the solubility experiment for the investigated porphyrins. The differences of the ω AB values were shown to be insignificant, and naturally, were determined as: 262 and 249 J mol -1 for 3-PEG-water and 4-PEG-water systems, respectively. The results of the solubility calculations for porphyrins 1 and 2 in the mixed solvents are presented in Figure S4 (in the Supplementary Information section). Figure S4 demonstrates the comparison of the solubility profile for the experimental and predicted results. The position of the solubility maximum is determined by the relation of the sizes of the molecules in the mixed water-PEG solvent and the height of the maximum-mainly by the interchange energy ω AB .
It was interesting to evaluate individual contributions in the solubility. As an example, the concentration dependence of chemical, combinatorial and residual contributions in the solubility of porphyrin 1 in 4-PEG-water system is presented in Figure 4 .
The dependences for the other studied systems are similar to the presented in Figure 4 . So, the regularities of the contributions in Δ θ ln (x S ) are analogous in all investigated systems. The residual contribution has the maximal value among others means the contribution from the universal intermolecular interactions to be maximal and positive. The chemical (from the molecular association) and combinatorial (from the differences in the sizes of the molecules) contributions are approximately equal by the absolute value and have the opposite sign. It is interesting to note that in our previous study 9 dealing with the porphyrin solubility in the system associated component-inert component (methanoltetrachloromethane) the result was different, namely, the contributions can be placed in the following order: chemical > residual > combinatorial. Such a difference of the present and previous results is determined, firstly, by the specific features of the molecular association in the PEG-water mixed solvent (χ → ∞ in the whole range of the compositions), and, secondly, by considerable differences in the size of the molecules which lead to the increase of the combinatorial contribution in accordance with equations 2 and 6. Thus, it can be concluded that the solubility of the porphyrins in PEG-water mixtures can be assessed by the combination of the contributions from molecular association, differences in the sizes of the molecules, and universal intermolecular interactions.
Conclusions
The solubility of Co III 5,10,15,20-tetra(4-carboxyphenyl) porphyrin and axial complex with methylimidazol in the 
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